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1
SIDE FIRING FIBER OPTIC LASER PROBE

This 1s a continuation of application No. 08/427,173 filed
on Apr. 24, 1995. Now abandoned.

TECHNICAL FIELD

The subject invention relates to a fiber optic probe used to
deliver laser radiation during a surgical procedure. The fiber
optic probe 1s of the side firing type wherein light exits the
fiber transverse to the longitudinal axis thereof.

BACKGROUND OF THE INVENTION

In the last decade, there has been a considerable increase
in the use of lasers 1n surgery. Flexible optical fibers are
often used to deliver laser light from a laser device to a
treatment site. The delivery end of the fiber 1s typically
encased 1n a metal sheathed probe having a design which 1s
optimized for a particular procedure.

One example of a prior art probe can be found in U.S. Pat.
No. 5,257,989, assigned to the same assignee heremn and
incorporated by reference. The probe described in this patent
1s used 1n various types of orthopedic applications. In this
probe, the laser treatment beam emerges from the delivery
end of the fiber and travels substantially parallel to the
longitudinal axis thereof.

In many surgical applications, it 1s desirable to direct the
exiting treatment beam along an axis transverse to the
longitudinal axis of the fiber. In this manner, tissue which 1s
alongside the probe can be treated.

In the prior art, there have been developed a wide variety
of probes which are capable of directing an exiting treatment
beam transverse to the longitudinal axis of the fiber. These
types of probes typically include an angled element formed
at the delivery end of the fiber. In one class of probes, the
angled element 1s provided with a reflective coating. In
another approach, the angled end element 1s oriented in a
manner to cause the treatment beam to be totally internally
reflected and redirected out of the side surface of the fiber.

In order to readily obtain total mternal reflection at the
angled end face of the fiber, there needs to be a significant
difference between the index of refraction of the material
forming the fiber and the index of refraction of the medium
in which the fiber 1s situated. Total internal reflection 1s
relatively easy to achieve when a conventional silica fiber 1s
used 1n a gaseous environment. Some complexities are
encountered, however, if the fiber 1s used m a liquid
medium. In the latter case, the index of refraction of a typical
biocompatible liquid medium (such as saline) is much closer
to the index of refraction of a conventional silica fiber. Since
the mndices of refraction are quite similar, 1t 1s not possible
to select a suitable angle for the reflecting end face which
will redirect a large portion of the beam 1n the desired lateral
direction.

One approach for overcoming this problem 1s to sealingly
mount a transparent glass capillary over the delivery end of
the fiber. The capillary 1s mounted 1n a manner to create an
air pocket adjacent the angled face. This air pocket defines
a medium adjacent the delivery end of the fiber which has an
index of refraction sufliciently different from the index of
refraction of the optical fiber that total internal reflection can
take place at the angled face. By this arrangement, the
angled face can be used to laterally redirect the treatment

beam out of the side surface of the fiber. An example of the
latter structure can be found in U.S. Pat. No. 4,740,047,

1ssued Apr. 26, 1988, to Abe.
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The use of a glass capillary surrounding the delivery end
of a probe 1s effective to allow total internal reflection of
light at an angled face when the fiber 1s used 1 a liquid
medium. Unfortunately, some problems have arisen when
such side firing probes have been used to delivery high
energy pulses which are highly absorbed in the liquid
medium. This situation 1s now being conironted 1n the latest
generation of surgical lasers which generate more than 30
watts of laser energy at wavelengths in the two to three
micron range. A high energy pulse generated at these wave-
lengths has a short penetration depth 1n the liquid medium
and tends to super heat the fluid causing a vapor bubble to
be created. This vapor bubble begins to form 1n a time period
as short as 15 microseconds and then rapidly expands. At the
end of the laser pulse (typically in the 350 microsecond
range), the vapor bubble will rapidly collapse. As the bubble
collapses, the implosion of the bubble creates high intensity
shock waves or high velocity fluid jets which erode the
capillary or fiber. This erosion can weaken or crack the
capillary, often leading to catastrophic destruction in a short
period of time. In another failure mode, the cavitation effects
can also rupture the connection between the capillary and

the fiber.

Accordingly, it would be desirable to provide an improved
fiber optic probe having a glass capillary to permit side firing
in a liquid medium and further including a means for
shielding the glass capillary against destructive cavitation
clfects.

In most surgical procedures requiring a side firing probe,
it 1s desirable that almost all of the light be transmitted out
of the side surface of the fiber in the intended transverse
direction. In practice, it has been found that a significant
percentage of the light actually emerges from the fiber at
undesired and unintended locations. In the case of a totally
internally reflecting probe, the light leakage 1s primarily
through the angled face. Where a retlecting coating 1s placed
on the angled face, the light leakage will occur through other
side surfaces of the fiber.

This problem of unintended light leakage from the fiber
was discussed 1n the Abe patent, cited above. Abe attributed
this problem to two different effects. First, Abe believed that
light redirected by the angled face was once again
re-reflected by the inner surface of the outer glass capillary.
Abe also believed that a certain percentage of light 1nitially
struck the reflecting face at an angle less than would be
necessary for total internal reflection and therefore would be
transmitted through the angled face. In order to reduce the
amount of light which leaks out of the delivery end of the
fiber 1n a direction other than the desired side surface, Abe
suggested providing a reflective coating on the surface of the
capillary adjacent to the angled face of the fiber such that
light leaking from the angled face would be redirected along
the desired path. In addition, Abe suggested providing an
antireflection coating on the surface of the capillary adjacent
the side of the fiber through which the treatment beam 1is
transmitted 1n order to minimize back reflections off the
capillary.

While the use of an antireflection coating may actually
function to reduce unwanted reflection of light, it can add
significantly to the cost and complexity of the device. For
example, 1t would be very difficult to design and apply an
antireflection coating on the curved surface of either the
capillary or the fiber. It 1s also believed that by proper
selection of the angle of the reflecting face, all of the light
mitially striking the angled face can be redirected by total
internal reflection and will not directly leak out of the end
face as suggested by Abe. However, even 1f the angle of the
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reflecting face 1s properly chosen to achieve total mternal
reflection, light will still leak out of the fiber. Contrary to
Abe’s analysis, the mnventors herein have found that a large
portion of the light which 1s observed to leak out of the end
face of the fiber 1s a result of secondary reflections of some
of the light which has been totally internally reflected by the
angled face. These secondary reflections can result in ten
percent or more of total light traveling down the fiber being
lost to leakage. It 1s an object of the subject invention to
reduce these secondary reflections and the associated power
loss.

It should be noted that in addition to the secondary
reflections mentioned above, a small percentage of light is
also lost through leakage due to Fresnel reflections at the
various boundary surfaces. The subject invention 1s prima-
rily directed to reducing or eliminating losses due to sec-
ondary reflections. The relatively smaller losses caused by
Fresnel reflections at the surface boundaries can be reduced,
if desired, with antireflection coatings.

The origin of the secondary reflections which are the
primary focus of the present invention are discussed with
reference to FIGS. 1, 24 and 2b. FIG. 1 1s a cross-sectional
view of the delivery end of an optical fiber 10. Various rays
12 of the treatment beam are shown striking the angled end
face 14 of the fiber. As 1s well known, 1f the angle of
incidence of these rays 1s greater than a critical angle, the
rays will not travel through the end face 14 but will be totally
internally reflected. In order to 1nsure that all rays travelling
down the fiber are totally internally reflected at the end face,
the angle p of the end face must be correctly selected.

This angle p can be readily determined 1if the indices of
refraction of the fiber and the medium surrounding the fiber
are known. The approach for determining this angle [ begins
with a determination of the angle of incidence ¢ of a ray
(with respect to the surface normal of end face 14) which
must be met or exceeded to produce total internal reflection.
The angle of total internal reflection (TIR) may be calculated
using the following formula:

a(TIR angle)=sin'(n,/n,) 1)

where n, 1s the index of refraction of the fiber core 16 and
n, 1s the index of refraction of the medium 18 surrounding
the fiber. In the case of a fiber used 1 a liquid medium, a
transparent capillary 20 1s provided to create an air pocket
adjacent the end face to increase the difference in indices of
refraction between the fiber core and the medium surround-
ing the fiber.

The next step 1n the process 1s to determine the maximum
angle 0 along which rays will propagate within the fiber.
While a portion of the rays will propagate close to the central
axis of the fiber, a significant portion of the energy will be
cuided off the walls of the fiber. The angle of maximum
propagation 0 1s a function of the relative idices of refrac-
tion of the fiber core and the surrounding medium (cladding)
as well as the intrinsic numerical aperture (NA) of the fiber
and 1s given by the following formula:

O=sin"'[(n,/n,) sintan’ (NAg..)] 2)

The selection of the angle {3 for the end surface 1s then made
so that any rays propagating at the maximum angle 0 with
respect to the axis of the fiber will equal or exceed the TIR
angle (o) when striking the end surface. All rays propagating
along the fiber at less than the maximum propagation angle
will exceed the TIR with respect to the end surface. Based
on simple geomeftric principles, angle  1s then given by:

B=90-a-6 3)
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Using empirical methods, 1t has been determined that the
angle {3 can be set 1n the range of 37 to 38 degrees to produce
total internal reflection of a treatment beam having a wave-
length of 2.1 microns travelling down a fiber having a silica
core and a silica cladding, a numerical aperture of 0.22 and
wherein air 1s trapped in the capillary 20 adjacent the
reflecting face. In practice, the assignee herein has manu-
factured probes wherein the angle [ 1s on the order of 31
degrees. The shallower angle was selected 1n order to direct
the exiting light in a more forward direction.

As noted above, by proper selection of the angle 3, all of
the light travelling down the fiber can be totally internally
reflected when first striking the angled face. Therefore, it 1s
believed that the secondary reflections which occur after the
light has been retlected from the angled face are the actual
cause of the majority of unwanted light leakage from the
fiber. More specifically, after the rays 12 have been totally
internally reflected, they are redirected down to the side
surface 24 of the fiber. The majority of the light redirected
in this fashion is transmitted through the side surface 24.

However, a significant percentage of the light 1s also
reflected back from the side surface. These secondary reflec-
tions can be seen 1in FIGS. 24 and 2b.

FIGS. 2a and 2b 1s a stmplified end view of the delivery
end of the fiber wherein the light 1s travelling towards the
reader. For ease of analysis, the rays illustrated in these
Figures are limited to those which propagate vertically
downwardly after reflection from the end face. The addi-
tional 1ssues which must be considered in analyzing the light
having a horizontal propagation component are set forth
below. With respect to the vertically propagating rays shown
in FIG. 2a and 2b, 1t will be seen that the rays striking the
side surface in a central region of the fiber (bounded by
vertical lines T—T) are transmitted through the side surface
24. However, rays which strike the outer lobes 30 of the side
surface are not transmitted but are reflected. The reason why
some of the rays are transmitted while other rays are
reflected 1s that the angle at which the rays strike the side
surface of the fiber ditfers and 1s a function of the location
where the rays strike the side surface.

For example, the rays which strike the side surface at the
center point (C) form an angle of incidence of zero degrees.
Due to the curved surface of the fiber, the angle of incidence
of the rays striking the side surface increases as the position
of the incident ray moves towards the outer lobes 30. For all
rays striking the center region (between T—T), the angle of
incidence remains below the angle necessary to cause total
internal reflection and therefore are transmitted through the
side surface. However, for rays which strike the side surface
in the outer lobes 30, the angle of incidence exceeds the
critical angle and the rays will be totally internally reflected.
This light which 1s totally internally reflected 1s redirected in
a helical manner back towards the angled face. A large
portion of this re-reflected light will strike the angled face at
an angle less than the critical angle and therefore be trans-
mitted through the angled face. It 1s believed that the
transmission of light due to these secondary reflections in
the outer lobes 30 of the side surface 24 1s primarily
responsible for the unwanted light leaking out of the fiber
and far outweighs the level of light lost due to conventional
Fresnel reflections at the boundary surfaces. Accordingly, it
these secondary reflections can be minimized, light leakage
can be substantially reduced.

The analysis of the rays illustrated in FIGS. 2a and 2b was
limited to light propagating directly downwardly after strik-
ing the angled face. In practice, the propagation direction of
most light rays will also include a horizontal component.
However, 1t 1s believed that 1n terms of the analysis of the
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percentage of light leaking out of the fiber due to secondary
reflections, the effects of the horizontal component 1n the
light propagation direction are minimal.

When the horizontal component of propagation 1s
considered, it will be seen that some of the light will strike
the side surface 1n the outer lobes 30 at less than the critical
angle and will therefore be transmitted. On the other hand,
some of the light having a horizontal propagation compo-
nent striking the central region of the side surface of the fiber
will have an angle of incidence greater than the critical angle
and will therefore be totally internally reflected. This light
will be redirected 1n a helical manner and be transmitted out
of the angled face. It 1s believed that the light which 1is
transmitted out of the side lobes (due to a horizontal propa-
gation component) will be roughly equal to the amount of
light which will be reflected by total internal retlection 1in the
central region of the fiber (due to a horizontal propagation
component) and therefore the simplified analysis contained
herein limited to downwardly propagating light 1s reason-
able and useful.

SUMMARY OF THE INVENTION

In accordance with the subject invention, a fiber optic
probe 1s provided having an input end and a delivery end.
The delivery end 1s provided with a angled end face con-
figured to retlect light travelling down the fiber 1n a direction
transverse to the longitudinal axis thereof. In the preferred
embodiment, the angled face 1s configured to create total
internal reflection.

In accordance with the subject invention, the probe 1s
further provided with a means for reducing secondary retlec-
tions of light that has been 1nitially reflected at the angled
face and increasing the transmission of this light through the
side surface of the fiber. This means 1s defined by config-
uring the delivery end of the probe to minimize the second-
ary reflections which occur at the fiber surface. This result 1s
achieved by controlling the shape of the side surface of the
fiber so that a higher percentage of the rays reflected off the
angled face will be transmitted rather than internally
reflected at the side surface of the fiber.

There are a number of approaches available which could
be 1implemented in order to control the effective angle of
incidence of light reaching the side surface of the fiber. In a
relatively simple approach, the ratio of the diameters of the
fiber cladding to the core can be increased thereby placing
an upper limit on the angle of incidence of the rays of the
freatment beam striking the side surface of the fiber. In
another approach, the actual geometry of the cladding can be
changed 1n the region of the side surface. This approach has
the added benefit of allowing the designer to control the
focal power of the interface. In this manner, the exiting
treatment beam could be caused to diverge or be brought
into a focus. The concept of using different cladding geom-
etries to control the divergence of the treatment beam can be
used 1ndependently and is viewed as a separate inventive
development.

Another alternative approach to reducing secondary
reflections 1s specifically related to the side firing probes
which utilize a glass capillary for operation in a liquid
medium. In this type of probe, the surface of the capillary
can be optically fused 1n this region to the side surface of the
fiber where light 1s to be transmitted. By optically fusing the
capillary in this region, the effective cladding diameter is
increased, thereby decreasing the angle of incidence and
reducing secondary reflections. Optically fusing the capil-
lary also eliminates two of the glass surface boundaries such
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that Fresnel losses are also reduced. In addition, 1n the case
where the probe 1s used m a liquid medium and no vapor
bubble is formed (i.e. at lower power levels or different
wavelengths), the indices of the glass material forming the
capillary and the outside liquid medium are relatively simi-
lar thereby increasing the critical angle and further mini-
mizing total internal reflection at the side surface.

In a second aspect of the subject invention, a shield 1s
provided for protecting the glass capillary from destruction
by cavitation forces. The shield 1s rigid and self-supporting,
and preferably formed from a metal such as stainless steel.
The shield functions to protect the glass capillary from the
shock waves created when the vapor bubble in the liquid
medium collapses, thereby substantially increasing the life-
time of the probe.

Further objects and advantages of the subject invention
will become apparent from the following detailed descrip-
fion taken 1n conjunction with the drawings, 1n which:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 a cross-sectional view of the delivery end of an
optical fiber.

FIG. 2a 1s an end view of the delivery end of the optical
fiber of FIG. 1.

FIG. 2b 1s an end view of the delivery end of the optical
fiber of FIG. 1 illustrating the angle where total internal
reflections begin.

FIG. 3a 1s a side view of a fiber optic probe mncluding a
configuration for reducing secondary reflections in accor-
dance with the subject 1nvention.

FIG. 3b 1s an end view of the probe of FIG. 3a.

FIG. 4 1s a view similar to FIG. 3b of a second embodi-
ment of the fiber optic probe of the subject invention.

FIG. 5 1s a view similar to FIG. 3b of a third embodiment
of the fiber optic probe of the subject mnvention.

FIG. 6 1s a view similar to FIG. 34 of a fourth embodiment
of the fiber optic probe of the subject mnvention.

FIG. 7 1s a view similar to FIG. 3a of a fifth embodiment
of the fiber optic probe of the subject mnvention.

FIG. 8a 1s a cross-sectional view of a sixth embodiment
of the fiber optic probe of the subject mvention.

FIG. 8b As a cross-sectional view of a fiber optic probe
taken along the line 86 of FIG. 8a.

FIG. 9 a cross-sectional view of a seventh embodiment of
a fiber optic probe of the subject 1nvention.

FIG. 10 1s a cross-sectional view of a seventh embodiment
of a fiber optic probe of the subject invention.

FIG. 11 1s a cross-sectional view of a fiber optic probe
including a support shield for protecting a glass capillary
formed 1n accordance with the subject 1nvention.

FIG. 12a 1s a cross-sectional view of an alternate con-
figuration of a support shield.

FIG. 12b 15 an end view of the alternative configuration of
the support shield in FIG. 12a.

FIG. 13 1s a perspective view of still another alternative
conflguration for a support shield.

FIG. 14 1s a further alternative configuration for a support

shield.

FIG. 154 15 a cross-sectional view of the eighth embodi-
ment of the fiber optic probe of the subject 1nvention.

FIG. 15b 15 a cross-sectional view of the eighth embodi-
ment of the present mnvention combined with a capillary.

FIG. 16a 1s a cross-sectional view of the ninth embodi-
ment of the present mnvention.
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FIG. 16b 1s a cross-sectional view of an alternate embodi-
ment to the probe illustrated in FIG. 16a.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

In a first aspect of the subject invention, secondary
reflections which occur due to total internal reflection at the
side surface of the probe are minimized to increase trans-
mission 1n the desired direction. As 1illustrated 1n FIGS. 2a
and 2b, these secondary reflections primarily occur in the
outer lobes 30 of the fiber. The extent of the region where
this effect occurs depends on the 1ndices of refraction of the
fiber and the surrounding material and the ratio between the
diameters of the clad and the core.

Given the indices of refraction of the fiber and of the
surrounding air, and using formula (1) above, the angle of
incidence ¢ on the fiber/air surface where total internal
reflections begin for downwardly propagating light can be
determined as follows:

¢=Siﬂ_1(”air/”ﬁber)
p=sin~1(1.00/1.4)

P=~46 degrees

Therefore, for a conventional fiber, any downwardly propa-
gating light striking the side surface from the bottom center
(point C of FIG. 2a) though an arc @ (as shown in FIG. 2b),
where @ is less than 90°-¢ (44 degrees) on either side
thereof, will be transmitted through that surface. However,
any downwardly propagating light which strikes the side
surface beyond 44 degrees from the center point (and out to
90 degrees) will be totally internally reflected. Therefore, it
1s 1n these outer lobes that the side surface must be modified
in order to reduce secondary reflections. As noted above, due
to the presence of a horizontal component 1n the direction of
propagation of light, some of the rays striking the side
surface in the side lobes will be transmitted while some of
the rays striking the side surface in the center region will be
reflected.

FIGS. 3a and 3b 1illustrate a first embodiment for achiev-
ing this goal. In this embodiment, the ratio of the diameters
between the fiber cladding to the fiber core 1s increased. In
a conventional fiber, this ratio 1s typically 1in the range of 1.1
to 1.2. In accordance with the subject invention, this ratio is
increased to at least 1.3 and preferably 1n excess of 1.4. This
rat1o can be achieved by using a conventional core diameter
and increasing the clad diameter. Conversely, the standard
clad diameter could be maintained will reducing the diam-
cter of the core. One skilled in the art could also modify both
the standard core and clad diameters to balance transmission
characteristics with the total size of the fiber.

The effect of increasing the clad to core ratio 1s to
minimize the amount of light reflected off the angled face 14
that will strike the surface of the cladding beyond the 44
degree total internal reflection boundary calculated above. In
this manner, a much higher percentage of the light passing
out of the core will be transmitted at the clad/air interface
and secondary reflections are reduced. The following data
represents an analysis of light leaking out of a conventional
fiber due to secondary reflections having a 550 micron core
and varying clad diameters (in microns).
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Clad Diameter Clad-Core Ratio % Light Loss

600 1.1 (standard) 13.64
660 1.2 7.82
715 1.3 3.47
770 1.4 0.24
790 1.43 ~().00

As can be seen, significant improvements can be achieved
with only modest variations in the ratio of the core to clad
diameters.

As 1llustrated mm FIG. 34, light emerging from the fiber
along the longitudinal axis i1s diverging. Conversely, light
emerging transverse to the fiber axis 1s focused as 1llustrated
in FIG. 3b. The light transmission patterns can be modified
by varying the configuration of the cladding as discussed
below with respect to FIGS. 4 to 7.

FIG. 4 illustrates an embodiment where the outer side
surface of the cladding has a first radius of curvature. In the
fransmission region, the outer side cladding has a second
radius of curvature that differs from the first radius of
curvature. The cladding of the transmission region 1s pro-
vided with a generally planar configuration. Using this
configuration, all of the rays which are reflected from the
angled end face of the fiber intersect with the side surface of
the cladding at approximately ninety degrees and therefore

would be transmitted. The configuration of the cladding in
FIG. 4 would function to cause the light to diverge in the
ax1s transverse to the axis of the fiber.

FIG. 5 illustrates an embodiment where the outer side
surface 24 of the cladding has a first radius of curvature. In
the transmission region, the outer side cladding has a second
radius of curvature that differs from the first radius of
curvature. In the transmission region illustrated i FIG. 3§,
the cladding 1s provided with a concave configuration. Once
again this configuration will substantially eliminate second-
ary reflections from the side surface by keeping the angle of
incidence of rays striking the clad/air interface below the
critical angle for total internal reflection. In addition, the
concave curvature of the cladding will allow for further
variations 1n the pattern of transmitted light. Such light can
be controlled to diverge, converge or to be substantially
collimated 1n the axis transverse to the fiber axis.

FIGS. 6 and 7 1illustrate approaches for modifying the
light exiting the fiber along 1its longitudinal axis. These
configurations could be combined with the configurations
shown above. In FIG. 6, the side surface 24 of the cladding
22 1s formed with a concave configuration extending along
the fiber axis which functions to increase the divergence of
the treatment beam 1n this axis. In FIG. 7, the side surface
24 of the cladding 22 1s formed with a convex configuration
to focus the light rays in the fiber axis.

It should be noted that even 1f secondary reflections were
not a problem, the use of claddings having non-convex
geometries (i.e. planar and concave) to control the diver-
gence of light could be independently beneficial.

FIGS. 8a and 8b 1llustrate an approach particularly suited
for fiber optic probes that include a glass capillary to
facilitate side firing 1n a liquid medium. As seen in FIGS. 8a
and 8b, a conventional optical fiber 10 1s provided with an
angled reflecting face 14. At least a portion of the transparent
capillary 20 1s sealed to the fiber so that an air pocket 18 1s
trapped adjacent the reflecting face. By this arrangement,
total internal reflection at the angled face 1s facilitated even
if the probe 1s immersed 1n a liquid medium.

In the prior designs of optical probes using glass
capillaries, the rear region of the capillary would be sealed
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to the fiber using a conventional adhesive. As noted 1 the
patent to Abe, 1n the region near the delivery end of the
probe, a small air gap occurs between the inner surface of the
capillary and the outer surface of the fiber. Abe suggests that
reflections off the capillary surface might be eliminated if the
manufacturing tolerances could be mcreased to obtain a tight
fit between the elements thereby eliminating the air gap.
However, Abe correctly rejects this approach as not being
suitable for mass production. Abe’s chosen solution, which
does not prevent these reflections but instead redirects them
in an unspeciflied direction, includes depositing a reflective
coating on the opposite outside surface of the capillary and
depositing an anti-reflective coating on the outside surface
of the output side of the capillary.

The mventors herein believe that the substantial enhance-
ments 1 performance can be achieved using an alternative
approach, wherein the capillary 1s optically coupled to the
outer surface of the fiber. One method of achieving this goal
1s to fuse the capillary to the fiber. Such optical fusing can
be achieved by melting the capillary with a localized heat
source. In one experimental embodiment, a focused light
beam from a carbon dioxide laser was used to melt and fuse
a capillary to the side surface of a fiber. Another approach to
achieve this optical coupling would be to fill the void
between the outer surface of the fiber and the 1nner surface
of the capillary with a transparent index matching material.
A further approach would be to employ well known fritting
techniques commonly used in the laser industry to bond
various crystals and glasses. As indicated 1n FIGS. 8a and
8b, the region of optical coupling can be limited to the side
surface 24 where light 1s redirected from the angled face of
the fiber. As can be appreciated, a fiber optic probe would be
casier to fabricate using either of the these latter approaches
rather than by attempting to obtain a close {it through high
mechanical tolerances as suggested by Abe.

Two distinct advantages can be obtained by optically
coupling the capillary to the fiber. First, the Fresnel reflec-
tions off the mner surface of the fiber and the mside surface
of the capillary will be eliminated. Since these reflections are
relatively small, this improvement, while desirable, 1s not
that significant. Of greater importance 1s the fact that by
optically coupling the capillary to the fiber, secondary
reflections are minimized. This result 1s achieved because
the optical coupling of the capillary functions to increase the
clfective diameter of the cladding thereby increasing the
cladding to core ratio. In this manner, the structure as shown
in FI1G. 8b will be optically equivalent to the structure shown
in FIG. 3b.

Optically coupling the capillary to the fiber has an added
benelit where the probe 1s used 1n a liquid medium and a
vapor bubble 1s not formed by the laser energy. As noted
above, 1n certain situations, such as when high power pulses
from a Ho:YAG laser are used for treatment, a vapor bubble
1s formed outside the capillary. This vapor bubble has an
index of refraction similar to air. However, the subject probe
might also be used at lower power levels and/or with
different wavelengths such as 1.06 microns (Nd:YAG)
where no vapor bubble 1s formed.

In the case where no vapor bubble 1s formed, the liquid
medium surrounds the fiber and the index of refraction of the
liquid medium 1s relatively close to the index of refraction
of the glass capillary. Since the indices of refraction at the
glass/liquid 1nterface are similar, the critical angle necessary
for total internal reflection will be relatively high such that
the problems of secondary retlections will be reduced with
a capillary of only minimal thickness.

FIG. 9 1s a cross-sectional view of a fiber optic probe
which combines the features of the embodiments shown in
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FIGS. 4 and 8. More specifically, the probe includes a
central fiber having a conventional core 16 and clad 22. A
capillary 20 1s provided having one side thereof optically
coupled to the side surtface 24 of the fiber. In this
embodiment, the outer side surface 40 of the capillary is
formed with a planar configuration. By this arrangement, the
clfective clad geometry of the fiber in FIG. 9 can be made
to be the optical equivalent of the clad geometry shown in
FIG. 4.

FIG. 10 1s a cross-sectional view of a fiber optic probe
which combines the features of the embodiments shown 1n
FIGS. 5, 84 and 8b. As 1n the FIG. 9 embodiment, the probe
includes a central fiber having a conventional core 16 and
clad 22. A capillary 1s provided having one side thereof
optically coupled to the side surface 24 of the fiber. In the
embodiment of FIG. 10, the outer side surface 42 of the
capillary 1s formed with a concave configuration. By this
arrangement, the effective clad geometry of the fiber 1n FIG.
10 can be made to be the optical equivalent of the clad
geometry shown in FIG. 5.

It should be noted that the concept of directly changing
the clad geometry to reduce secondary reflections as shown
in FIGS. 3 to 5 could be implemented in a fiber optic probe
having a conventional sealed glass capillary. In the latter
case, 1t would not be necessary to optically couple the
capillary to the fiber 1n order to eliminate the secondary
reflections in the fiber 1tself.

It should also be noted that the approaches described
herein could be used to benefit side firing probes that utilize
reflective coatings on the angled face 14 to create reflection
of the treatment beam. In these devices, secondary reflec-
tions typically do not exit the fiber through the angled face
but are re-reflected out through other parts of the fiber. By
reducing secondary reflections, more light can be directed in
the desired direction. Also, by optically coupling the sec-
ondary reflections out of the fiber, the optical power remain-
ing 1n the fiber that can degrade the reflective coatings by
being re-reflected out through other parts of the fiber 1s
drastically reduced.

FIGS. 11 through 14 1illustrate another aspect of the
subject mvention designed to increase the life of a fiber optic
probe provided with a capillary to facilitate side firing 1n a
liquid medium. FIG. 11 1llustrates a fiber optic probe having
a central optical fiber 10. The delivery end of the fiber 1s
provided with an angled face 14. A portion of the buifer layer
50 1s stripped away from the delivery end of the fiber.

A glass capillary 20 1s mounted over the delivery end of
the fiber. A tlexible tube 52 1s mounted around the fiber
behind the capillary. An epoxy joint 54 is provided between
the tube and the capillary after assembly for stress relief. An
air pocket 18 1s created adjacent the angled face 14 of the
fiber. In accordance with the first aspect of the subject
invention discussed above, the capillary can be optically
coupled to the side surface 24 of the fiber to reduce sec-
ondary reflections.

In accordance with the second aspect of the subject
invention, a tubular shield 60 1s mounted about the capillary
20 and a portion of tube 52. The free end 62 of the shield 1s
physically crimped against tube 52 to provide a secure
mounting and to hold the capillary in place. Shield 60 1is
formed from a rigid, self supporting material. The shield can
be formed from a biocompatible stainless steel (such as
“316”) having a thickness on the order of 4 to 5 thousandths
of an 1nch. Shield 60 further includes an opening 64 aligned
with the side surface of the fiber and defines an aperture
through which light can be transmitted. The distal portion 66
of the shield can be open ended.
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Shield 60 1s provided to protect the fiber and the capillary
from the destructive cavitation forces encountered when the
probe 1s used to deliver high energy pulses which are highly
absorbed 1n the liquid medium surrounding the probe. By
extending the end 62 of the shield beyond the end of the
capillary and over the tube 52, the capillary mounting is
protected from the cantilever forces applied to the capillary
during use. The breakage of the capillary to fiber connection
1s the most common form of probe failure. The cantilever
forces which cause this breakage are the result of the
shockwave action of the medium as well as the torque
applied to the probe by the surgeon.

Using the design shown in FIG. 11, the resistance to
destruction of the fiber has been dramatically improved.
More speciiically, prior art probes which did not include the
subject shield would typically fail after being exposed to
successive pulses which resulted in a cumulative exposure
on the order of 50 to 120 kilojoules. In contrast, seven
experimental probes, which were provided with the shield
structure of FIG. 9, were each subjected to 1n excess of 700
kilojoules of cumulative energy and could not be made to
fail.

FIGS. 12a and 12b 1llustrates a probe similar to FIG. 11
where the side surface 70 of the shield 60 1s modified. In this
embodiment, the side surface 70 1s provided with a planar
configuration designed to create a snow plow effect with
respect to the cavitation shocks. In this manner, the cavita-
tion shocks can be more etficiently directed away from the
capillary and the fiber.

FIGS. 13 and 14 are further alternate configurations for a
shield 60. Both of these Figures are intended to 1llustrate that
the critical region of protection 1s on the side surface of the
probe where the light exits the fiber, since this 1s the region
primarily exposed to the cavitation effects. Thus, the
embodiment of FIG. 11 includes a large aperture 74 1n the
upper surface of the shield 60. This concept 1s extended in
the embodiment of FIG. 14 where shield 60 includes a ring
mount 80 and only a semi-cylindrical main body portion 82
for protecting against the cavitation effects.

FIGS. 15a and 15b 1llustrate another embodiment of the
present 1nvention. The optical fiber 10 1 FIG. 154 termi-
nates 1n a tapered delivery end, where both the core 16 and
clad 22 are tapered near the reflective face 14. The optical
fiber 1n FIG. 155 1s the same, except the associated capillary
20 1s also tapered at the delivery end. Tapering of the
delivery end as shown in FIGS. 154 and 15b can be
incorporated 1n any of the above described embodiments to
manipulate the power density to produce better focusing and
spot sizes of the laser energy outside the optical fiber.

In a still another embodiment of the present invention, the
reflective face 14 1s non-planar to either increase or decrease
the divergence of light reflected therefrom, as illustrated in
FIGS. 16a and 16b. The concave and/or convex shape
(FIGS. 16a and 16b, respectively) of the reflective surface
14 provides the desired focusing of the beam exiting the
fiber. The reflective surface 14 can be non-planar 1n one axis
in the plane of the reflecting face and planar 1n an orthogonal
axis to the one axis, or can be non-planar in both axes.

In summary there has been disclosed a side firing fiber
optic probe which includes an enhanced configuration
designed to reduce secondary reflections which lead to
unwanted light leakage and energy loss. The enhanced
conilguration can be defined by various actual or effective
cladding geometries which can also be used to control the
divergence of light exiting the fiber. In a further aspect of the
ivention, a rigid, self supporting shield structure has been
described for increasing the lifetime of probes which are
used to deliver a high energy treatment beam.

10

15

20

25

30

35

40

45

50

55

60

65

12

While the subject invention has been described with
reference to the preferred embodiments, various changes
and modifications could be made therein, by one skilled 1n
the art, without varying from the scope and spirit of the
subject 1nvention as defined by the appended claims.

We claim:

1. Afiber optic probe for delivering laser light comprising:

an optical fiber having an 1nput end and a delivery end,
with the delivery end including a means for redirecting
light travelling down the fiber 1n a direction transverse
to a longitudinal axis of the fiber in a manner to exit the
fiber through a side surface thercof; and

said fiber mncludes a central core and an outer clad having
a first radius of curvature, wherein a portion of the outer
clad forming the side surface of the fiber 1s provided
with a beam controlling surface to control at least one
of divergence, convergence and collimation of the laser
light passing through said side surface, said beam
controlling surface having a second radius of curvature
that 1s different than said first radius of curvature.
2. A probe as recited mn claim 1 whereimn the beam
controlling surface 1s a planar surface.
3. A probe as recited 1n claim 1 wherein the beam
controlling surface 1s a concave surface.
4. A probe as recited 1in claim 1 wherein the beam
controlling surface 1s a convex surface.
5. A probe as recited 1in claim 1 wherein the delivery end
of said optical fiber 1s tapered.
6. A probe as recited 1 claim 1 wherein:

the means for redirecting light 1s defined by a reflecting
face disposed at a non-normal angle with respect to the
longitudinal axis of the fiber to reflect the light travel-
ling down the fiber by total internal reflection; and

the probe further including a transparent capillary seal-
ingly mounted to the delivery end of the fiber and being
confligured such that a portion of an 1nner surface of the
capillary adjacent the reflecting face of the fiber is
spaced therefrom to define an air space therebetween
and wheremn a portion of the inner surface of the
capillary adjacent the side surface of the fiber 1s opti-
cally coupled thereto so that an amount of light which
1s totally internally reflected at the side surface 1is
reduced.

7. Aprobe as recited 1n claim 6 wherein the reflecting face
1s non-planar to alter the divergence of the light reflected
thereby.

8. A probe as recited 1n claim 7 wherein the reflecting face
1s non-planar 1n one axis 1n a plane of the reflecting face and
planar 1n an orthogonal axis to the one axis.

9. A probe as recited 1 claim 6 wherein said capillary 1s
fused to said side surface to define the optical coupling.

10. A probe as recited 1n claim 6 wherein a transparent
index matching material 1s provided between the capillary
and the side surface to create optical coupling therebetween.
11. A fiber optic probe for delivering laser light compris-
Ing:

an optical fiber having an 1nput end and a delivery end,

with the delivery end including a reflecting face dis-
posed at a non-normal angle with respect to a longitu-
dinal axis of the fiber in a manner so that light travelling
down the fiber will be reflected at the face and redi-
rected 1n a direction transverse to the longitudinal axis
of the fiber in a manner to exit the fiber through a side
surface thereof; and

said fiber includes a central core and an outer clad having,
a first radius of curvature, wherein a portion of the outer
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clad forming the side surface of the fiber 1s provided
with a beam controlling surface to control at least one
of divergence, convergence and collimation of the laser
light passing through said side surface, said beam
controlling surface having a second radius of curvature
that 1s different than said first radius of curvature.
12. A probe as recited in claim 11 wherein the beam
controlling surface 1s a planar surface.
13. A probe as recited in claim 11 wherein the beam
controlling surface 1s a concave surface.
14. A probe as recited in claim 11 wherein the beam
controlling surface 1s a convex surface.
15. A probe as recited i claim 11 wherein:

the reflecting face 1s disposed to reflect the light travelling
down the fiber by total internal retlection; and

said probe further including a transparent capillary seal-
ingly mounted to the delivery end of the fiber and being
conilgured such that a portion of an inner surface of the
capillary adjacent the reflecting face of the fiber is
spaced therefrom to define an air space thercbetween
and wherein a portion of the inner surface of the
capillary adjacent the side surface of the fiber 1s opti-
cally coupled thereto so that an amount of light which
1s totally internally reflected at the side surface 1is
reduced.

16. A probe as recited in claim 15 wherein said capillary
1s fused to said side surface to define the optical coupling.
17. A fiber optic probe for delivering laser light compris-
ng:

an optical fiber having an nput end and a delivery end,

with the delivery end including a reflecting face dis-
posed at a non-normal angle with respect to the longi-
tudinal axis of the fiber;

a transparent capillary surrounding the delivery end of the
fiber and creating an air pocket adjacent the reflecting
face of the fiber so that light travelling down the fiber
will be totally internally reflected at the angled face and
redirected 1n a direction transverse to a longitudinal
axis of the fiber 1n a manner to exit the fiber through a
side surface thereof; and

a rigid, self-supporting, shield mounted to said fiber and
surrounding at least a portion of the capillary along the
side surface of the fiber, said shield including an
opening to permit the transmission of light
therethrough, said shield functioning to protect the
capillary against destructive shockwave forces during
use.

18. A probe as recited i claim 17 wherein said shield
extends along a length of the fiber away from said reflecting
face and beyond an end of the capillary in a manner to limit
flexing of the fiber in a region adjacent the end of the
capillary.

19. A probe as recited 1n claim 17 wherein said shield 1s
formed from metal.

20. A probe as recited 1n claim 17 wherein said shield 1s
formed from stainless steel.

21. A probe as recited 1n claim 17 further including a
tubular member surrounding said fiber and adjacent an end
of the capillary and wherein said shield extends over a
portion of said tubular member as 1s connected thereto.

22. A fiber optic probe for delivering light comprising:

an elongated core for transmitting light, said core having
an mput end and a delivery end;

a clad surrounding the core;

means located at the delivery end of the core for redi-
recting the light travelling down the core 1n a direction
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transverse to a longitudinal axis of the core 1n a manner
to exit the core and clad through side surfaces thereof,
and wherein an outer surface of the clad 1n a region of
said side surface including a non-convex curvature to
alter a propagation path of the light transmitted there-
through.

23. A probe as recited 1n claim 20 wherein the outer
surface of the clad 1n a region of said side surface has a
planar configuration.

24. A probe as recited 1n claim 20 wherein the outer
surface of the clad 1in a region of said side surface has a
concave conilguration.

25. A probe as recited 1n claim 20 wherein the outer
surface of the clad 1n a region of said side surface has a
concave cylindrical configuration and where a longitudinal
axis of the cylindrical configuration 1s parallel to the longi-
tudinal axis of the core.

26. A probe as recited 1n claim 22 wherein the outer
surface of the clad 1n a region of said side surface has a
concave cylindrical configuration and where a longitudinal
axis of the cylindrical configuration 1s perpendicular to the
longitudinal axis of the core.

27. A probe as recited 1 claim 22 wherein the means for
redirecting light 1s defined by a reflecting face disposed at a
non-normal angle with respect to the longitudinal axis of the
core and wherein the probe further includes a transparent
capillary sealingly mounted to the delivery end of probe and
being coniigured such that a portion of an 1nner surface of
the capillary adjacent the reflecting face of the core 1s spaced
therefrom to define an air space therebetween and wherein
a portion of the inner surface of the capillary adjacent the
side surface of the clad 1s optically coupled thereto such that
the clad and capillary function together to define said
non-convex curvature.

28. Aprobe as recited 1n claim 27 wherein an outer surface
of the capillary 1n a region of said side surface has a planar
conflguration.

29. Aprobe as recited 1n claim 27 wherein an outer surface
of the capillary 1n a region of said side surface has a concave
conilguration.

30. A fiber optic probe for delivering laser light compris-
Ing:
an optical fiber having an 1nput end and a delivery end,
with the delivery end including a reflecting face dis-
posed at a non-normal angle with respect to a longitu-
dinal axis of the fiber 1n a manner so that light travelling,
down the fiber will be reflected at the face and redi-
rected 1n a direction transverse to the longitudinal axis
of the fiber in a manner to exit the fiber through a side
surface thereof, said reflecting face i1s non-planar to
alter at least one of divergence, convergence and col-
limation of the light reflected thereby.

31. A probe as recited 1n claim 30 wherein the reflecting
face 1s non-planar 1n one axis 1n a plane of the reflecting face
and planar in an orthogonal axis to the one axis.

32. A probe as recited in claim 30 further comprising:

a transparent capillary sealingly mounted to the delivery
end of the fiber and being configured such that a portion
of an 1nner surface of the capillary adjacent the reflect-
ing face of the fiber 1s spaced therefrom to define an air
space therebetween and wherein a portion of the inner
surface of the capillary adjacent the side surface of the

fiber 1s optically coupled thereto so that an amount of

light which 1s totally internally reflected at the side
surface 1s reduced.
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